Subcutaneous challenge of mice with lipopolysaccharide (LPS) from gram negative bacteria, produced an intestinal microvascular lesion causing fluid exudation into the lumen of the intestine and diarrhea. The microvascular lesion was characterized by endothelial cell damage and microthrombi in the venules and capillaries of the intestinal lamina propria. Marker organisms, given orally to challenged mice, grew in the exuded fluid and could invade the mucosa. Intravenous transfer of postchallenge plasma produced the lesion in normal mice and absorption of such plasma by Sepharose coupled to LPS-antibody abolished this effect. Instillation of large quantities of LPS into the lumen of the intestine produced scattered microvascular lesions, although none of these animals developed diarrhea. Since a similar microvascular lesion has been described in the rectal mucosal lamina propria of adults with acute diarrhea, it is suggested that LPS-induced vascular damage may be a novel mechanism in the pathogenesis of acute diarrhea.
Introduction
The strategy of oral maintenance of hydration can significantly reduce the mortality associated with acute diarrheal disease, but does not change the morbidity and consequent economic losses. A fuller understanding of enteric pathogens and pathogenic mechanisms is therefore necessary for the control of this major public health problem. The two well characterized mechanisms of pathogenesis, enterotoxins and tissue invasion, account for only a small proportion of patients with diarrhea and microbial enteric pathogens cannot be identified in stool samples from 20 to 40% of patients (1) . Recognized microbial enteric pathogens can be isolated from the stools of up to a third of apparently healthy asymptomatic individuals resident in many tropical developing countries (2) (3) (4) (5) . This wide prevalence of enteric pathogens in asymptomatic individuals does not appear to increase their resistance to diarrhea, since its endemicity and consequent mortality continue to be high in such areas. These findings suggest that there must be as yet unrecognized enteric pathogens or novel mechanisms of pathogenesis of diarrhea.
The host response to acute diarrhea may reveal valuable clues regarding mechanisms of pathogenesis. Rectal mucosal biopsies and detailed studies to identify etiologic agents were carried out in a group of adults with acute diarrhea in southern India (6) . A microvascular lesion in the rectal mucosal lamina propria capillaries and venules, with endothelial cell damage and focal hemorrhages was detected in many of these patients. The prevalence of these lesions correlated with the clinical severity of diarrhea, but not with the presence or type of enteric pathogen (6) . Although it was not clear whether this vascular lesion was causal or secondary to diarrhea, it appeared likely to be the result of vascular injury by bacterial LPS (7) . The capillaries and venules of the intestine would normally be sensitized to LPS, as it is absorbed in minute quantities from the gram negative flora that colonizes the gut lumen (8, 9) and further exposure to LPS could lead to vascular damage (10) . Other studies aimed at understanding the pathogenesis and immunity to Salmonellosis in mice orally infected with Salmonellae, showed that fluid accumulated in the lumen of the bowel within 4 h of subcutaneous challenge with a crude preparation of Salmonella outer membrane protein (1 1). The outer membrane protein preparations contain LPS and it was likely that LPS mediated vascular endothelial damage, of lamina propria blood vessels sensitized by LPS of Salmonellae, may have been responsible for the fluid exudation. This animal model appeared to be relevant to studies on the pathogenesis of acute diarrhea, in view of the finding of an LPS-induced vascular lesion in patients in southern India (6, 7) . A detailed study of this animal model is reported here and its possible clinical implications are discussed.
Methods
Animals. 6-8-wk-old, specific pathogen free (SPF)' LAC strain mice and rabbits for raising antisera, were supplied by the Central Animal House of the University ofAdelaide. Where appropriate, the mice were conventionalized in the Departmental Animal House, on commercial mouse chow and tap water, for at least 2 wk until gram negative fecal flora developed.
Bacterial strains. Salmonella 885 is a Salmonella typhimuriumEscherichia coli hybrid strain derived from a cross between S. typhimurium SF1142 and E. coli Hfr492. It expresses E. coli 08 antigens and when given orally to mice colonizes the Peyer's patches for several weeks without causing illness (12) . A streptomycin-resistant mutant of this strain, designated 885SR, and other streptomycin-resistant bacteria were obtained from type cultures maintained in the department.
Bacterial lipopolysaccharides. LPS was prepared from overnight broth cultures of S. typhimurium strain C5 (C5LPS) Salmonella 885 (885LPS), Vibrio cholera strain 569B (569BLPS), and Shigellaflexneri (SFLPS), by the phenol/water extraction technique (13) . The final precipitate of LPS was solubilized in distilled water and stored lyophilized at -20'C in 2-mg aliquots. Protein content of this preparation was < 2% of the dry weight and it was free of cytotoxic activity in a Vero cell assay ( 14) .
Whole outer membrane preparations (OMP). OMP or cell walls were prepared from Bacteroidesfragilis (grown anaerobically for 72 h on blood agar with 5% normal horse serum), Haemophilus influenzae (grown on chocolate agar incubated in 5% CO2 in air), Lactobacillus plantorum, Bacillus cereus, Salmonella typhimurium C5, and Salmonella 885 (broth cultures). Washed bacteria were suspended in 20 ml, 10 mM Tris/HCl buffer, pH 7.4, and disrupted on ice in a French Press. The disrupted bacterial suspension was centrifuged at 7K for 10 min in a Sorvall RC5C refrigerated centrifuge (Sorvall Instrument Co., Inc., Newton, CT). The supernatant was sedimented at 78,000 g for 90 min at 4VC in a 55. 2 Ti rotor in an ultracentrifuge (L8.70; Beckman Instruments, Inc., Palo Alto, CA) and the resultant supernatant discarded. The pellet was resuspended in 30 ml of distilled water and again sedimented as above. The pellet from the second centrifugation was resuspended in 5 ml of distilled water and stored frozen after determining the dry weight of an aliquot.
Oral infection ofmice, LPS challenge, and recovery oforganisms. (8, 9) . We therefore decided to see ifa lesion could be induced by enteral administration of CSLPS. 885SR preconditioned mice were given 0.5 or 1.0 mg of C5LPS, either transorally into the stomach or by enema. Bacterial growth was quantitated in challenged mice 24 h later. In some challenged mice the entire small and large intestines were processed for histopathological examination.
Results
CSLPS challenge produced an intestinal microvascular lesion and diarrhea. 4 h after subcutaneous challenge of 885SR preconditioned SPF mice with 50 Mg C5LPS, the small and large intestinal walls were congested, and the lumen contained bilestained fluid and gas bubbles. 8 and 24 h after the challenge there were scattered petechial hemorrhages on the bowel wall and distension of the small intestine by fluid had increased. The colon contained only liquid feces and the anal fur was usually stained by feces (Fig. 1) . Histologically, 4 h after C5LPS challenge congestion, vascular endothelial cell damage and loss of endothelial cells was present in almost all the capillaries and venules of the small intestinal and colonic lamina propria (Fig. 2) . The endothelial cell damage was more apparent 8 h after the C5LPS challenge and at 24 h vascular occlusion by microthrombi was present in many capillaries and venules. Neutrophils were present adjacent to and infiltrating blood vessels. At 24 h, there was marked depletion of mucus from goblet cells and few scattered foci ofepithelial exfoliation especially in distended loops ofbowel. In mice challenged with 50 ,g or more C5LPS, marked fatty change in the liver with vascular endothelial cell damage in the liver, kidneys, and spleen was observed. This damage did not occur with 2 ug C5LPS and minimal liver damage was present when 10 MAg C5LPS was used. There was extensive vascular damage in the small bowel with C5LPS challenge at doses of 10 Mig or more.
Recovery of885SR was enhanced 24 h after C5LPS challenge. As . ' ' . ' . ' ' * -fection, with progressive decrease in the number of organisms recovered thereafter up to the 43rd d after infection (Fig. 3) .
After subcutaneous challenge with C5LPS on days 7, 14, 28, and 42 postoral infection with 885SR, fluid accumulation in the lumen of the bowel and diarrhea with fecal staining ofanal fur was associated with increased recovery of 885SR from the bowel wall 24 h later. The enhanced recovery of a marker organism was a consistent finding in all experiments and appeared to reflect the severity of the vascular lesion and fluid exudation. The response to parenteral C5LPS was dose related and dependent on the presence of gram negative intestinal flora. 885SR preconditioned SPF mice challenged 7 (Fig. 4) . The response of conventionalized mice was similar, whether or not they were preconditioned with 885SR (Table I ). In SPF mice on the day ofdelivery from the SPF unit, challenge with 50 Mg C5LPS caused vascular damage in a few lamina propria blood vessels, but they did not (Fig. 6) . Blocking was effective when antibody was given intravenously to mice at the same time as, or half an hour earlier than the LPS challenge. Antibodies directed against LPS of other serotypes (e.g., anti-S. Minnesota 218S or R595) or antibody to lipid A, were effective in blocking (Table II) . Similarly, reacting C5LPS with polymyxin B in vitro blocked its ability to produce vascular lesions and diarrhea (Table II) .
Subcutaneous C5LPS challenge enhanced the growth ofa variety ofbacteria in the bowel. Enhanced recovery of luminal bacteria after LPS challenge was not confined to Salmonellae, since the recovery of V. cholera 569B, Shigella flexneri, H. influenzae, L. plantorum, and Bacteroides fragilis was also increased 24 h after C5LPS challenge, when the challenge immediately followed transoral administration of the bacteria (Table III) . Luminal fluid accumulation and microvascular lesions occurred in all challenged animals. preparations of the small intestine and colon of these mice showed vascular endothelial damage in 30-50% of lamina propria blood vessels in the upper 3 cm of the small intestine when LPS was given intragastric and in the distal 3 cm of the colon when LPS was administered by enema (Fig. 7) .
Discussion
Bacterial endotoxins and LPS have a variety of biological effects in mammalian systems. Research has concentrated on the role ofLPS in endotoxic shock, particularly associated with septicemia and on the modulation of the immune system and other mechanisms of resistance to infection (15, 16 (17) (18) (19) . Among the various biological effects of LPS, its action on vascular endothelium is particularly relevant to the study reported here. LPS in large amounts can directly damage and strip offthe vascular endothelium (20, 21) . Local application of small amounts of LPS can sensitize the vascular endothelium and a subsequent LPS challenge can produce vascular lesions with fluid exudation (10) . This phenomenon, the local Shwartzman reaction, was initially reported in the rabbit skin (22) , but recent reports indicate that the vasculature ofthe kidney is also susceptible to such reactions (23) . Studies on the mechanism of pathogenesis of the Shigella group of organisms during the first decade of this century showed that the infusion of filtered broths or heat-killed cultures of Shigella produced, in addition to a neurotoxic syndrome, hemorrhagic enteritis in a variety of experimental animals (24) (25) (26) (27) (28) . A careful analysis of these reports suggests that while the neurotoxic syndrome can be ascribed to the Shiga toxin (29) , the endotoxin content of these preparations could also have contributed to the hemorrhagic enteritis. The work of Sanarelli in the 1920s also suggests that endotoxin-induced diarrhea was a possibility (30) . There is very little in the literature regarding the effects of LPS on the gut until 1962, when a group ofJapanese workers showed that parenteral administration of LPS preparations to mice, led to proliferation ofgastrointestinal luminal bacteria (31) . Subsequent work clearly established that this enhancement of bacterial growth was secondary to fluid exudation, since the bacterial growth could be suppressed by enteral administration of unabsorbable antibiotics like Neomycin (1 1).
A clinical relevance for this effect of LPS was suggested by the observation of the vascular lesion in the rectal mucosa of adults with acute diarrhea in southern India (6) . The vascular lesions in the mice in the present study closely resembles the gram negative bacteria with penetrating potential may be "sampled" by the Peyer's patches and other gut associated lymphoid tissue. Their digestion by macrophages could release small amounts of LPS within the mucosa, which could then initiate the vascular lesion and fluid exudation. The exudation would encourage further bacterial proliferation to perpetuate the process. It is also possible that diarrhea itself may destabilize the epithelioluminal barrier of the intestinal tract and enhance LPS absorption, which could then initiate the vascular lesion with the additional fluid exudation leading to increased severity of diarrhea. Thus the results of the present study suggest that LPS could both be an initiator of diarrhea and a determinant of clinical severity of illness. This would be a hitherto undescribed mechanism in the pathogenesis of acute diarrhea. b Figure 7 . Effect of 1 mg C5LPS given as enema on colonic mucosal blood vessels 24 h later (X 470). (a) Lamina propria venule with damaged endothelium and congestion. (b) Submucosal capillary with large damaged endothelial cell nuclei and congestion. These changes were present only in scattered vessels. vascular lesions reported in the patients. The dose response in the mice is similar to the relationship between the prevalence of the vascular lesion and the clinical severity of illness (6) . Based on the patient data it was hypothesized that, since the gut vasculature is presensitized by LPS absorption, in the event of acute diarrhea a further LPS challenge, either played a causal role in pathogenesis or had a secondary effect determining the severity of clinical illness (7). The results reported here establish that in an animal model, parenteral LPS challenge can damage the sensitized gut vasculature and lead to fluid exudation and diarrhea.
It is necessary to consider how an LPS challenge may produce diarrhea in the clinical situation. Mice challenged with large doses of LPS enterally did not develop diarrhea, but there were scattered foci of vascular damage in the areas of the gut presumably exposed to the highest concentration of LPS. The absorption of LPS from the mouse intestine is slow and in small amounts (32) , which may explain the localized vascular lesion and the absence of significant fluid exudation with enteral challenge. There are several possible mechanisms by which LPS could play a role in clinical acute diarrhea. Gram negative flora of the intestinal tract could be lysed, by mechanisms such as phage, releasing large quantities of LPS in close proximity of the epithelial lining, which could then be absorbed and initiate the vascular lesion. It is also possible that
